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II is the dominant apo E-containing group of lipoproteins. When lipolysis of VLDL was enhanced in these subjects upon release of lipoprotein lipase by intravenous heparin, a shift of the apo E from VLDL into fractions II and III was observed. In contrast, apolipoproteins CII and CIII (apo CII and CIII, respectively) did not accumulate in intermediate-sized particles but were shifted markedly from triglyceride rich lipoproteins to IJDL after treatment with heparin. In subjects with primary lipoprotein lipase deficiency (n = 4), apo E was confined to fractions I and III. Release of hepatic triglyceride lipase by heparin injection in these subjects produced a shift of apo E from fraction I to III with no significant increase in fraction II. This movement of apo E from large VLDL and chylomicronsized particles occurred with little hydrolysis of triglyceride and no significant shift of apo CII or CIII into HDL from triglyceride rich lipoproteins.
When both lipoprotein lipase and hepatic triglyceride lipase were released by intravenous heparin injection into normal subjects (n = 3), fraction I declined and the apo E content of fraction III increased by an equivalent amount. Either moderate or no change was noted in the intermediate sized particles (fraction II) . These data strongly support the hypothesis that fraction IX is the product of the action of lipoprotein lipase upon triglyceride rich lipoproteins and is highly dependent on hepatic triglyceride lipase for its further catabolism. In addition, This work was presented in preliminary form at the Scientific Sessions of the American Heart Association, Anaheim, CA, November 1983. Introduction Apolipoprotein E (apo E)' is one of at least 10 specific lipid binding apolipoproteins associated with the human plasma lipoproteins. The best evidence for a functional role for this apolipoprotein is provided by studies of type III hyperlipoproteinemia (dy$betalipoproteinemia) which is associated with specific amino acid substitutions in the apo F sequence (1) .
This abnormal structure results in marked reduction of the affinity of apo E for its receptors on liver cell membranes (2) .
Studies using conventional means of lipoprotein separation have concluded that apo E exists as a component of all lipoprotein classes and in a nonlipoprotein form (3, 4) . However, Blum et al. showed that this nonlipoprotein form was an artifact of methodology and that when lipoproteins were separated by gel filtration, apo E was associated entirely with lipoproteins (5) . We have recently extended this observation in studies that used 4% agarose chromatography and have shown that in normolipidemic subjects, apo E is distributed among at least three distinct lipoprotein subclasses (6) . One of these is a subclass of chylomicrons and/or very low density lipoproteins (VLDL) (fraction I), but the other two (fractions II and III) are distinct in size from the major pholesterolcarrying lipoproteins, low density lipoproteins (LDL) and high density lipoproteins (HDL). Fraction II is intermediate in size between VLDL and LDL and, as previously shown (6) , comprises intermediate density lipoproteins (IDL) as well as small VLDL and large LDL (6) . This identification of discrete subclasses raises questions as to their metabolic interdependence, of their relation to the major lipoprotein classes, and ultimately, of their role in the regulation of lipoprotein flux. Apo E is known to maintain a dynamic relationship between lipoproteins in vivo, but it is not known whether the association of apo E is metabolically important to each of these lipoproteins.
A reciprocal relationship exists between the apo E content in triglyceride rich lipoproteins and that in HDL. Recently, Blum documented a redistribution of apo E between VLDL and HDL subfractions when triglyceride rich lipoprotein flux was perturbed by heparin administration or fat feeding (7) . Heparin administration is known to release into the circulation two enzymes normally bound to endothelial surfaces and thereby to accelerate triglyceride rich lipoprotein catabolism.
These enzymes are iipoprotein lipase (LPL) and hepatic triglyceride lipase (HTGL). In vitro (8) and in situ (9) studies documenting a shift of apo E to an HDL-sized particle when VLDL or chylomicrons were exposed to LPL suggested that LPL is at least one effector of this apo E distribution in postheparin plasma. No studies, however, have focused on the role that HTGL might play in apo E metabolism. It is in general agreed that the primary function of LPL is to initiate the hydrolysis of chylomicron and VLDL triglyceride. It has been suggested that HTGL may convert the products of LPL hydrolysis (small VLDL and IDL) into LDL (10, 11) . The metabolic role of HTGL, however, has not been fully defined. In vitro, it has been shown that HTGL hydrolyzes the triglyceride of remnant chylomicrons and VLDL more readily than that of the native lipoproteins (11) (12) (13) . In humans, the conversion of IDL to LDL has been shown to occur across the splanchnic bed (14) , an observation that implicates a hepatic enzyme in this conversion. When HTGL was specifically inhibited in vivo by intravenous infusion of antibody into rats, a rise in plasma triglyceride was observed (15, 16) . In similar studies in monkeys, VLDL clearance and its conversion to IDL and to LDL was impeded (17) . Documentation of low HTGL levels in uremia (18) , hypothyroidism, (19) and chronic liver disease (20) concomitant with triglyceride elevations and remnant lipoprotein accumulation (18) (19) (20) (21) lend additional support to the idea of a role for HTGL in the remodeling of triglyceride rich lipoproteins, particularly at the stage of IDL catabolism. Further evidence for this concept has been provided by the recent description of two brothers with HTGL deficiency (22) . The associated lipoprotein abnormality is characterized by an accumulation of intermediate-sized lipoproteins and an abnormal, triglyceride rich LDL and HDL.
To evaluate the possible role of HTGL and, separately, of LPL in the distribution of apo E among the several lipoproteins, subjects with a primary deficiency in each of these enzymes have been studied.
Methods
Biogel A-15M (200-400 mesh) was purchased from Bio-Rad Laboratories (Richmond, CA) and Trasylol (aprotinin) was supplied by Mobay Chemical Corp. (New York). Reagent kits for cholesterol and triglyceride analysis were obtained from Abbott Laboratories (North Chicago, IL) and Calbiochem-Behring Corp., American Hoechst Corp. (La Jolla, CA), respectively. Heparin (5,000 IU/ml) was purchased from Riker Laboratories, Inc. (Nothridge, CA). 5,5' Dithiobis2nitro benzoic acid was obtained from Sigma Chemical Co. (St. Louis, MO). All other reagents were obtained from Fisher Scientific Co. (Fairlawn, NJ).
Blood sampling. All blood samples were drawn from the antecubital vein after a 12-14 hour fast and were collected into tubes containing EDTA (1 mg/ml). Postheparin blood was obtained 15 min after a bolus intravenous injection of 60 IU/kg of heparin. Pre-and postheparin plasma were then separated immediately by centrifugation at 2,500 rpm for 20 min at 4°C. Aliquots were kept on ice before column chromatography or frozen at -80°C for later analysis of postheparin lipolytic activity. In one study, postheparin blood was obtained 15, 30, and 60 min after heparin injection in order to evaluate the time course of the heparin effect. Column chromatography. Plasma lipoproteins were separated from whole plasma on 4% agarose (Biogel A-1SM, 200-400 mesh) columns as previously described (6) . In brief, 3-5 ml of fresh EDTA plasma was applied to a 2.5 X 100 cm column at 4°C, equilibrated with sodium barbital buffer, pH 7, containing NaCl (0.15 M), EDTA (0.01%), sodium azide (0.02%), and Trasylol 500 kIU/ml. Plasma from several subjects (4, 7, and 9) was shipped on ice via overnight courier from other laboratories; 5,5' dithiobis2nitro benzoic acid (1.4 mM) was added to all shipped samples according to a current protocol in order to inhibit lecithin/cholesterol acyltransferase activity. This proved to be unnecessary in controlled experiments comparing elution profiles in normal subjects (6) and was not used for subsequent studies done locally. Lipoproteins were eluted at 20 ml/h in fractions of -10 ml. The exact volumes of the fractions were determined gravimetrically. Pre-and postheparin plasma samples were always chromatographed sequentially on the same column, and the postheparin sample was always applied first.
Since three different 4% columns were used at different times for the separate experiments, each was standardized to allow comparison of lipoprotein elution volumes. This standardization involved the chromatography of a normal plasma sample with the monitoring of cholesterol, triglyceride, and apolipoproteins B and Al (apo B and apo Al, respectively). The void volume was determined from samples containing chylomicrons. The difference in void volume and elution volume of HDL (determined by cholesterol and apo Al elution profiles) was assigned a relative elution volume of 1.0. In a similar manner, the elution volumes of the LDL and the nadir of the apo E distributions for fractions I, II, and III were determined by the use of normal plasma. The elution volumes for the three columns used for all experiments reported in this article are given in the legend to Table  III and are specified in the appropriate figures. Thus, the range of volumes containing apo E, fractions I, II, and III were precisely defined and held invariant for each column.
Postheparin lipolytic activity. Postheparin lipolytic activities for LPL and HTGL were measured after differential inhibition of the two enzymes (23) .
Lipid and apolipoprotein analysis. Cholesterol and triglyceride concentrations of plasma and column fractions were analyzed on the ABA 100 Autoanalyzer (Abbott Laboratories) by enzymatic methods (24, 25) . HDL cholesterol was determined on the supernatant fraction of plasma after the precipitation of apo B-containing lipoproteins by dextran sulfate and MgCI2 (26) .
Apolipoprotein quantitation. Apo E, B, and AI, and apolipoproteins CII and CIII (apo CII and CIII, respectively) were measured by use of specific radioimmunoassays (RIAs). Details of these RIAs have been reported elsewhere for apo E, B, AI (6) , and CIII (27). The procedure for the apo CII RIA is analogous to that detailed for apo CIII (27) in terms of the buffer components and mode of separation of bound from free antigen, but it has not been presented in detail previously. A buffer of 0.1 M borate, 0.01% Triton X-100, 0.1% ovalbumin, and Trasylol (500 kIU/ml) pH 8.5 was used throughout. Bound antigen was separated from free by the addition of 20 ul of goat anti-rabbit serum 48 h after the primary antibody incubation followed by the addition, 24 h later, of polyethylene glycol 6,000 to give a final concentration of 10%. The apo CII used as tracer, standard, and for immunization was purified from VLDL by delipidation, gel filtration, and ion exchange chromatography as described for apo CIII. The apo CIII which inevitably contaminated the apo CII after ion exchange chromatography was then removed by immunoaffinity chromatography on anti-apo CIII IgG Sepharose CL-4B (27).
This RIA has a working range of 0.10-10.0 ng apo CII and has been validated by the same criteria previously applied to the RIAs for apo AI, B, E (6), and CIII (27). Specifically, when five normolipidemic and five hypertriglyceridemic sera were assayed before and after delipidation with acetone/isopropanol (28) , the values obtained were not significantly different after paired t test analysis (mean differ-ence±standard deviation of intactdelipidated, 3.04±7.15 'gg/ml).
The measured recovery of standard amounts of purified apo CII after addition to either normal or hypertriglyceridemic sera was 92±5% of that expected (n = 12). The interassay coefficient of variation was assessed by assay of five sera replicated six times in a single assay. The coefficients of variation were 5.4, 5.5, 8.1, 5.1, and 6.8%, respectively. When four quality control sera were assayed (in duplicate) in 11 sequential assays over 10 mo, the coefficient of interassay variation Effect of Lipolvsis on Apolipoprotein Distribution among Lipoproteins 711 ranged from 14.35 to 22.8%, with an average of 19.8%. Finally, in order to verify that measurements of serum and lipoprotein apo CII levels were independent of dilution, an HDL sample was assayed in 10 different dilutions and the slope, after log-logit transformation of the data, was compared with that of the purified apo CII standard. The slope of the HDL dilutions was -0.925, compared with -0.928 for the purified apo CII standard.
Isoelectric focusing. To determine the apo E phenotype, analytical isoelectric focusing was carried out on VLDL samples prepared by ultracentrifugation at a density of 1.006 g/ml for 16 h at 39,000 rpm in a 40.3 rotor in an ultracentrifuge (L5-65; Beckman Instruments Inc., Fullerton, CA). Delipidation was done with 20 vol of acetone followed by 20 vol of isopropanol (28) . The apolipoproteins of VLDL were then solubilized in 50 mM ammonium bicarbonate containing 4 mM sodium dodecyl sulfate and focused on 7.5% polyacrylamide gels as described by Weidman (29) .
Results
Clinical characteristics. The clinical characteristics of the subjects studied are summarized in Tables I and II . These include lipoprotein phenotype, age, lipid, and apolipoprotein levels. The first three subjects were classified as normolipidemic based upon comparison of their lipid and lipoprotein values to the Lipid Research Clinic values for age (30) . Their apolipoprotein levels were also normal as compared to apolipoprotein norms determined in this laboratory (6) . Subjects 4, 5, and 6 were children with LPL deficiency, and patient 7 was a young adult diagnosed in childhood as having LPL deficiency. The fasting plasma of each of these subjects was milky with a floating chylomicron layer. The triglyceride levels were high and the cholesterol values were within normal limits. LPL in these subjects was below accurate detection by the assay system (Table I) . Apo CII was actually higher than normal. Subjects 8 and 9 were recently reported to have HTGL deficiency (22) . Clinical histories and lipoprotein profiles have been given in detail elsewhere (22) . The proband (subject 9) developed diabetes mellitus and was on insulin therapy after the initial Lipoprotein and apolipoprotein profiles Normal subjects. Separation of the major lipoprotein classes by 4% agarose chromatography is illustrated in Fig. 1 a by the use of plasma from one normolipidemic subject. All three fasting normolipidemic subjects demonstrated a major broad peak of triglyceride, corresponding to the VLDL. The dominant cholesterol peak of these and all subjects corresponded to LDL and the smaller fraction represented the HDL as demonstrated by coelution with apo B and Al, respectively ( Fig. 1 b) . Unlike the profiles of apo B and Al, which were coincident with the major lipid fractions, both apo E and CIII were found in complex elution profiles. In normal fasting subjects, apo E was associated with lipoprotein particles of three distinct sizes as described in detail elsewhere (6) and exemplified by two subjects in Figs. I c and 2 c. In general, these apo E enriched subclasses represent lipoproteins the size of VLDL (designated as fraction I), and two subclasses which are distinct from the major cholesterol carrying lipoproteins. Apo E fraction II elutes as a particle slightly larger than LDL but smaller than VLDL ( Fig. 1 c) . In the subject shown in Fig. 2 , fraction II is apparent as a shoulder on the larger VLDL fraction I. Fraction III is primarily a subclass of HDL but extends into the LDL density range (d, 1.019 to 1.063) (6) and is intermediate in size between HDL and LDL (Figs. 1 c and 2 c). In a previous study we showed that the distribution of apo E in a small group of normolipidemic subjects was quite variable, but on the average, 10, 20, and 70% were found in fractions I, II, and III, respectively (6) .
RIA analysis of apo CIII of fractions obtained by 4% agarose chromatography of whole plasma revealed an equally complex distribution of apo CIII, but one that was different from that of apo E. In the normal, fasting subject shown in Fig. I d, apo CIII had a broad distribution among lipoproteins the size of VLDL and IDL. In another, shown in Fig. 2 
d, apo
CIII was more discretely associated with subclasses of VLDL and IDL. Another major fraction of apo CIII eluted with particles slightly larger than those HDL particles containing the bulk of apo AI and cholesterol but smaller than the particles containing apo E (i.e., fraction III). Nearly identical distributions were observed for apo CII (data not shown). In fact, in all studies cited below, apo CIII and CII behaved almost identically.
After heparin administration, no changes in the total mass or size distribution of cholesterol or apo B or AI were noted. 15 min after heparin, the plasma triglyceride concentration had fallen (Table III) , whereas the levels of apo E and CIII were unchanged in normal subjects (Table II) . However, the distribution of both of these apolipoproteins was altered, with an increase in apo E in the HDL-sized lipoproteins and a concomitant reduction in that of VLDL-sized particles (Table  III) . Furthermore, this change in distribution was associated with an apparent increase in the size of the particles containing apo E in HDL (fraction III), as evidenced by reduced elution volume (Figs. 1 c and 2 c). In general, the masses of both apo E and CIII in intermediate-sized lipoproteins were changed minimally (Table III) . These changes in the lipoprotein association of apo E and CIII after heparin are shown in detail for two subjects in Figs. 1, c and d, and 2, c and d. They were summarized for all three normal subjects in Fig. 3 and Table III . Plasma was obtained for chromatography from the same normolipidemic subject depicted in 63.3 ug/ml), but the mass of apo E in fraction I was decreased and that in fraction III was increased after heparin administration. Plasma apo CIII levels were also unchanged in pre-and postheparin plasma (107.4 vs. 109.7 gg/ml) and showed similar shifts from VLDLto HDL-sized lipoproteins. Arrows mark the position of LDL and HDL, which were unchanged by heparin. Pre, preheparin. Post, postheparin. The apo E found in Fractions I, II, and III from plasma obtained before and 15 min after intravenous heparin injection is given for all subjects in the present study. The change in triglyceride (TG) content in fraction I after heparin injection is also shown. Values have been divided by the volume of plasma applied to the column. Fraction I is the eluate from the void volume to the minimum of the apo E concentration in the small VLDL size range as defined by chromatography of normal plasma. A relative elution volume (RE) (see below) of 0.33 was found in each column to this minimum. Fraction II is the apo E in the eluate from RE of 0.33 (the end of Fraction I) to the second minimum in the apo E distribution. This occurred near the rising portion of the apo B curve in large LDL and had an RE of 0.62. Fraction III is the apo E eluate defined by the chromatography of normal plasma and includes the distribution of apo E in particles smaller than LDL. These range in RE from 0.75 to 1.20. The volumes corresponding to these RE were defined for each column. RE was determined by the equation: RE = (V0 -V.)/(Vo -VHDL), where VO is the void volume of column, V, is the elution volume of specified interest, and VHDL is the elution volume of normal HDL apo Al.
CIII were seen at 15 or 30 min. At 60 min, however, the plasma apo E level had decreased by 36%. Plasma apo CIII remained constant. With time, both apo E and CIII demonstrated a reduction in the proportion associated with VLDL and an increase in that associated with HDL. Again, little change was seen in the proportion of either apolipoprotein in intermediate-sized lipoproteins. This redistribution was rapid and continuous between 0 and 30 min after heparin and was completed with little further change at 60 min. Plasma triglyceride levels showed a similar time course, decreasing from 114 to 55 mg/dl between 0 and 30 min but changing minimally between 30 and 60 min.
To verify that no further shifts in apolipoprotein distribution occurred in vitro, the samples were kept at 0°C (but not frozen) before chromatography, the 30-min sample from this and HDL-sized lipoproteins (fractionIII) before and after heparin administration in normal and LPL-deficient (--) Figure 4 . Changes in plasma apo E and CIII levels and tion among the lipoproteins (VLDL and HDL) after heparin istration. The lipoproteins were separated by 4% agarose chromatography that used plasma from a normolipidemic (subject 1) obtained at the times indicated. Apo E levels stant from 0 to 15 min postheparin but were reduced min.
proportion of apo E decreased continuously in VLDL between 30 min, with parallel increases in the percentage in HDL. levels were constant between 0 and 60 min, but a of apo CIII occurred between VLDL and HDL, which was by 30 min. Chromatography was performed on separate immediately after the plasma was separated from nents.
were documented as being markedly deficient in LPL activity but normal or high normal with respect to postheparin HTGL activity. In these subjects, plasma triglyceride levels were markedly elevated, whereas cholesterol levels were low (Table   I ). Unlike in normolipidemic subjects, there was fasting hyperlipoproteinemia and this was manifested as a void volume peak of triglyceride on 4% agarose chromatography (Fig. 5 a) . Plasma LDL cholesterol and apo B, and HDL cholesterol and apo AI were reduced (Tables I and II ). Both plasma apo CIII and E levels (Table II) were significantly increased (P < 0.00 1) relative to a large group of normolipidemic adult male subjects studied previously in this laboratory (6) . A control population of comparable age was not available, but one of the LPLdeficient subjects was a young adult female (subject 7), and she did not differ from the children (subjects 4-6) in her lipid or apolipoprotein profiles. LPL-deficient subjects were also unusual in that their apo E was distributed almost entirely among two subfractions ( In contrast to apo E, by far the major portion of apo CIII was seen in lipoproteins the size of VLDL and in the chylomicron fraction (Fig. 5 d) . Less apo CIII was found in HDLsized lipoproteins, but little was found in intermediate-sized
particles. The lipoprotein distribution of apo CII was very similar to that of apo CIII (Fig. 5, d and e ). Intravenous heparin failed to induce significant triglyceride hydrolysis in LPL-deficient subjects (TableIII). Despite this, apo E levels in the chylomicron fractions were reduced after heparin, and those in HDL were elevated in a pattern similar to that seen in normolipidemic subjects with active LPL (Fig.  5c ). As with normal subjects, the apo E fraction within HDL (fractionIII) which increased after heparin, was larger than in the basal state, as indicated by a reduced elution volume. No increase in the amount of apo E in intermediate-sized lipoproteins (fractionII) was seen after heparin injection. In contrast to the heparin-induced redistribution of apo E, the apo CIII and CII profiles of type I subjects were unchanged 15 min after heparin. Fig. 3 compares the pre-and postheparin apo E and CIII content in fractionsI,II, and III in four type I subjects with those of the three normolipidemic control subjects. This emphasizes the dissociation of apo E and CIII dynamics seen in LPL-deficient subjects.
HTGL-deficient subjects. The HTGL-deficient subjects (subjects 8 and 9, TableI) were similar in that both had elevated levels of triglyceride and cholesterol in whole plasma. The LDL and HDL were triglyceride enriched as compared with the same lipoproteins from the other subjects studied (Figs. 6, a and b, and 7, a and b ). In the diabetic (subject 9) triglycerides were markedly increased in small VLDL and intermediate sized particles as well as in LDL. HTGL activity was markedly deficient (5-10% normal) in postheparin plasma, whereas LPL ativity was high normal in both. The levels of total plasma apo E and apo CIII were higher than normal to a degree that mirrored the hypertriglyceridemia in each subject (Table II) ELUTION VOLUME (ml) Figure 6 . 4% agarose chromatography of plasma from a subject with familial hepatic triglyceride lipase deficiency (subject 8). A comparison is shown of the lipids and apolipoproteins before and 15 min after intravenous administration of heparin. (a) Cholesterol levels measured in each fraction show a small decline in particles of VLDL and LDL size. (b) A marked decline in triglycerides in VLDL-and IDL-sized particles is seen. (c) Apo E in fraction I (190 to 290 ml) declined sharply, that in fraction II (290 to 360 ml) increased, and that in fraction III (395 to 500 ml) increased then decrease. (d) Apo CIII declined in fractions containing particles a size larger than HDL and increased markedly in those of HDL size. Subject 8 was the less hyperlipoproteinemic of the two siblings with HTGL deficiency. In the base-line plasma sample, apo E was present in lipoproteins the size of VLDL (fraction ml) and almost all apo CII was associated with triglyceride rich lipoproteins both pre-and postheparin. ELUTION VOLUME (ml) Figure 7 . Column chromatography (4% agarose) of plasma from a subject with familial HTGL deficiency (subject 9). The plasma was obtained and chromatographed exactly as that of his brother was (Fig. 6 ). After heparin injection, a decline in cholesterol, triglyceride, and apo E are noted in eluate from i60 to 235 ml (fraction I). Apo E increased in fraction 11 (235 to 300 ml) and in fraction III (330 to 400 ml). Apo CIII decreased in particles larger than LDL and increased in those of HDL size. I) and in HDL (fraction III), but the dominant distribution was in fraction II (Fig. 6 c) . The proportion of apo E in fraction II was unusually large relative to that seen in normal subjects. Apo CIII was distributed among lipoproteins the size of IDL and HDL, with the major proportion in HDL (Fig. 6   d) . After heparin administration, the triglyceride content of the VLDL sized particles fell markedly, from 0.61 to 0.03 mg/ml (Table III) . Both apo E and CIII in VLDL virtually disappeared after heparin administration. apo E increased in both fractions II and III after heparin administration (Fig.  6 c) . The increase in size of the fraction III particles was similar to that seen in all other subjects studied. In contrast, the increase of apoE content in fraction II in these two patients was not observed in normal or LPL-deficient subjects. The apo CIII content ofthe intermediate-sized lipoproteins decreased and a concomitant, marked rise in the concentration of this apolipoprotein was observed in HDL-sized lipoproteins, as seen in normal subjects (Fig. 6 d) .
Subject 9 had severe hypertriglyceridemia, with total plasma triglycerides of 1,128 mg/dl at the time of this study. In the base-line plasma sample, apo E was present primarily in fraction II, with small amounts in fraction I (Fig. 7 c) , results similar to those of his brother. There was little apo E in fraction III. Apo CIII was present across a wide spectrum, including VLDL-, IDL-, and LDL-sized particles. There was little apo CIII in the HDL region ( Fig. 7 d) . Heparin-induced lipolysis was associated with a 48% decrease in VLDL (fraction I) triglyceride concentration (Table III ). There were reductions in apo E and CIII in fraction I after heparin. Apo CIII was reduced and apo E was increased in fraction II. This increase in his fraction II apo E was less than that seen in his brother (subject 9). This was expected since less could be shifted to fraction II from the smaller relative content in fraction I before heparin injection. Apo E in fraction III also increased after heparin ( Fig. 7 c; Table III ), as did the content of apo CIII in HDL-sized particles (Fig. 7 d) .
Type V subjects. Type V subjects had plasma triglyceride and cholesterol levels higher than those seen in type I subjects (Table I) . Plasma LDL and HDL cholesterol were reduced relative to normal levels. Postheparin LPL and HTGL activity were within normal limits. The distributions of triglyceride, cholesterol, apoB, and apoA-I in one of the type V subjects are depicted in Fig. 8 , a and b. Both type V subjects had plasma levels of apo E and CIII that were increased relative to both normal and lipase-deficient subjects. Consistent with the presence of fasting hyperchylomicronemia, a major peak of apo E in these subjects was seen in the void volume ( Fig.  8 c) . In contrast to findings in the LPL-deficient subjects, however, a broad peak of apo E was also found in VLDLsized particles and very little was present in the HDL, fraction III. Similarly, almost all of the plasma apo CIII and CII (Fig.  8, d and e) in these type V subjects was found in chylomicrons and VLDL, with negligible amounts in either intermediate or HDL-sized particles.
Type V subjects showed a substantial reduction in apo E in the chylomicron and VLDL fraction and a striking increase in apo E mass in fraction III after heparin administration. Again, no change in total plasma apo E was seen 15 min after heparin injection. As in all other subjects studied, the shift of apo E to fraction III was associated with an apparent increase in particle size of this lipoprotein fraction, as indicated by reduced elution volume (Fig. 8 c) . The apo CIII and CII profiles were altered similarly after heparin treatment (Fig. 8,  d and e ). The mass of both apoproteins was reduced in chylomicron and VLDL and dramatically increased in HDLsized lipoproteins.
Discussion
In the present investigation we have attempted to gain some insight into the metabolic determinants of the lipoprotein Effect of Lipolysis on Apolipoprotein Distribution among Lipoproteins HDL, respectively, in preheparin plasma. Apo B also was relatively high in VLDL. The plasma levels and elution profiles of these apolipoproteins were unchanged after heparin administration. (c) In preheparin plasma, apo t was present almost exclusively in chylomicrons and VLDL. After heparin, plasma levels were unchanged (122.2 vs. 1,18.0 gg/inl), but the proportion of apo E in fraction III showed a striking increase as this apolipoprotein declined in chylomicron and VLDL-sized particles. (d) Apo CII was predominantly in triglyceride rich lipoproteins before heparin and was shifted to HDL 15 min after heparin, despite maintenance of constant plasma apo CII levels (299.4 vs. 303.7 gg/ml). (e) Apo CIII in preheparin plasma was shifted from chylomicronand VLDLto HDL-sized lipoproteins after heparin administration. Total plasma levels were relatively constant (700.1 vs. 811.2 gg/ml). association of apo E. For purposes of comparison we have also studied apo CII and CIII. The data presented confirm the recognized dynamic nature of the lipoprotein association of apo E, and of apo CII and CIII (7, 9, 31) . In addition, they extend previous observations by suggesting that these apolipoproteins are associated with specifict and metabolically independent subfractions of VLDL, IDL, and HDL.
The relative complements of these apolipoproteins in VLDL and HDL have been shown in the present study and in others (5, 32; 33) to have a reciprocal relationship which is responsive to natural and induced (7, 32, 33) perturbations of VLDL flux. In specific, in the normolipidemic and type V subjects studied (normal postheparin LPL and HTGL activity), redistribution of apo E from chylomicrons and VLDL to fraction III occurred 15 min after heparin-stimulated triglyceride hydrolysis. Similarly, apo CII and CIII were shifted to HDL. However, these observations cannot distinguish the individual roles of the two enzymes in apolipoprotein dynamics. The only previous study specifically exarhining changes in apo E after heparin induced lipolysis was also done in subjects with activities of both enzymes (7) .
LPL is recognized as the initiator of triglyceride rich lipoprotein catabolism. Studies ini vitro (34) and in situ (9, 33) have provided evidence for a role for LPL in effecting the distribution of apo CII, CIII, and E. In vivo studies with an antibody blockade have strongly suggested that HTGL is also required for normal VLDL catabolism (15) (16) (17) . Other studies, which used LPL-deficient subjects as a model for HTGL activity, showed that chylomicton triglyceride clearance is markedly reduced (35) but that VLDL triglyceride and apo B metabolism are less compromised (11, 35) when only HTGL activity is present. Studies that used the perfused liver are consistent with the catabolism of VLDL by HTGL (13) . No studies, however, have attempted to relate HTGL activity to changes in apo E distribution among the plasma lipoproteins. The data reported in the present study strongly suggest that HTGL-mediated hydrolysis of triglyceride and/or phospholipid contributes significantly to the remodeling of apo E-containing VLDL and IDL and to the transfer of apo E to an HDL subfraction(s) from triglyceride rich particles. The approach used in the present study has taken advantage of two clinical syndromes characterized by specific deficiencies of LPL or HTGL. Examination of the lipoprotein associations of apo E and of the apo C peptides in these syndromes before and after the administration of heparin to accelerate the action of these enzymes has provided data consistent with differential effects of the tWo lipases on the distribution of these apolipoproteins.
The studies on four subjects with documented LPL deficiency support a primary role for LPL in the catabolism of apo C-containing lipoprotein, and suggest that LPL activity alone is not adequate for complete remodeling of apo Econtaining VLDL. If LPL activity were an absolutely unique preliminary to the formation of smaller apo Eor apo Ccontaining lipoproteins from VLDL, then it might be predicted that apo E and/or apo C would not be present in lipoproteins other than triglyceride rich lipoproteins in subjects lacking LPL. Apo CII and CIII were, in fact, present almost entirely in triglyceride rich chylomicrons and VLDL in LPL deficient subjects. In contrast, apo E was present as a major component of both chylomicrons and HDL-sized lipoprotein subfractions in the same subjects. Little or no apo E was present, however, in intermediate-sized lipoproteins. These data provide evidence that HTGL can independently mobilize apo E from triglyceride rich lipoproteins and that this enzyme is relatively ineffective in the removal of the C apoproteins. This interpretation is consistent with the dramatic increment in the apo E content of this HDL fraction after heparin administration in all LPLdeficient subjects with little or no change in the C apoprotein profiles.
The studies with HTGL-deficient subjects are also consistent with the suggestion that HTGL is an important contributor to the metabolism of apo E-containing intermediate-sized lipoprotein subfractions. Both subjects had proportionately large amounts of apo E in fraction II, relative to subjects with normal HTGL levels. After heparin administration both subjects demonstrated a reduction of apo E in fraction I (VLDL) with an increase in fraction III, which suggests that LPL can effect a mobilization of apo E from VLDL to HDL in the presence of very low HTGL activity. However, the increments in apo E seen in fraction II strongly suggest that LPL alone is not enough to effect complete remodeling of intermediate-sized lipoproteins. In studies of other subjects with normal postheparin HTGL levels, the change in apo E associated with fraction II was minimal (Fig. 3) . These data would be consistent with either a direct transfer of apo E from VLDL to fraction III or with a flux through fraction II to III. Our observations, taken at four fixed times cannot distinguish between these possibilities. The accumulation of apo E in fraction II in both subjects with documented HTGL deficiency, however, suggests that HTGL may normally play a role in maintaining a flux of apo E through these intermediate-sized particles.
In vitro studies have shown that chylomicrons are a better substrate for LPL than for HTGL, whereas smaller VLDL, IDL, and even LDL appear to be the preferred substrates of HTGL (10, 11) . Size may play an additional role in vivo, resulting in the documented slowdown of chylomicron as compared with VLDL catabolism in LPL deficiency patients (35) . These observations, taken with the data documenting independent metabolism of apo CIII and CII as opposed to apo E, are compatible with the model shown in Fig. 9 . In this model, LPL hydrolyzes the triglycerides of chylomicrons and VLDL with release of the C apolipoproteins, which are transferred to HDL with redundant surface material. This process may then expose areas rich in apo E to the action of HTGL. By hydrolyzing the triglyceride in intermediate sized particles, HTGL may then induce the transfer of apo E to a large HDL particle (fraction III). This model is consistent with the transfer of apo E from VLDL to fractions II and III in all subjects with both LPL and HTGL activity. It is also consistent with the near absence of fraction II in subjects deficient in LPL, since few if any LPL remnants are formed, and hydrolysis of VLDL and IDL by HTGL results in transfer of apo E to HDL. The HTGL-deficient subjects, on the other hand, demonstrated an apparent accumulation of products of LPL action as fraction II, which cannot be processed by the HTGL pathway. The model allows for some direct transfer of apo E from fraction I to fraction III by LPL action in these patients.
In view of the unchanged plasma levels of apo E, CII, and CIII 15 min after heparin-induced lipolysis, it seems reasonable to assume that a precursor-product relationship exists between these apolipoproteins in the triglyceride rich lipoproteins and in HDL. Another interpretation of these data is that a rapid HDL C's clearance of apo E from VLDL was exactly balanced by a new influx into plasma HDL in all 11 subjects studied. The likelihood of this seems so remote that it has been discarded as a working hypothesis for now. Some direct removal of apo E-containing remnants may occur, however, resulting in a temporary fall in plasma apo E 60 min after heparin. Both in our studies and the previous study by Blum (7) , total plasma apo E had diminished at this time. Nestel et al. (32) found a dramatic reduction in the mass of the C peptides after heparin administration concomitant with their redistribution from VLDL to HDL. Our data do not confirm this loss of the C apolipoproteins, even in the most hypertriglyceridemic subjects, although they do document the redistribution. Nestel et al. suggested that this loss represented an active pathway for direct remnant removal, and it is possible that patients differ in the activity of this pathway. Alternatively, the discrepancy could represent differences between the effects of pulse (present study) and constant infusion (32) of heparin. Fraction III is probably not a homogeneous group of lipoproteins but rather represents an array of lipoproteins containing varying proportions of apo E, CIII, CII, and Al (as well as other apolipoproteins not measured). Evidence for this heterogeneity in composition includes the consistent asymmetry of the apo E profile in the HDL region. Apo E-phospholipid complexes released from chylomicrons and VLDL as a result of LPL-and/or HTGL-mediated hydrolysis induced by heparin administration may associate preferentially with larger preexisting HDL subfractions, leading to a shift in the apparent size of the whole apo E-containing fraction. Apo E is known to associate with large HDL both in vivo under conditions of cholesterol feeding (36) and in vitro under conditions in which cholesterol delivery to serum is enhanced (37). With accelerated Effect of Lipolvsis on Apolipoprotein Distribution among Lipoproteins 719 B I release of VLDL surface constituents, including free cholesterol, an analogous association may occur. Alternatively, the apo E may be released from VLDL and chylomicrons in association with a lipoprotein complex slightly larger than the average HDL particle.
Other studies have provided evidence for a role for HTGL in the conversion of HDL2 to HDL3. In rats, the administration of anti-HTGL resulted in the accumulation of HDL2 (38, 39) . Conversely, the incubation of human serum with rat HTGL led to a decrease in HDL2 constituent cholesterol and phospholipid and a parallel rise in HDL3 (40) . In vivo studies in LPL-deficient patients also showed that the heparin infusion resulted in increased phospholipid and total protein in HDL3 at the expense of HDL2 (41) . Although these data seem inconsistent with our observation of an apparent increase in the size of the HDL subfraction enriched in apo E, the fact remains that we have specifically focused on shifts of apo E, whereas these cited studies all described changes in the cholesterol, phospholipid, and total protein profiles. The apo E enriched subclass represents only a small proportion of the total cholesterol, phospholipid, and protein present across the HDL spectrum (42) .
This in vivo study in humans provides evidence for parallel and complementary roles for LPL and HTGL in triglyceride rich lipoprotein catabolism. Their effects on the flux of the apolipoproteins involved in this process, however, suggest that the individual enzymes have unique interactions with each of these apolipoproteins. Fig. 9 summarizes our concepts of the metabolic pathways describing the catabolism of VLDL and the parallel roles of the two postheparin lipases. Both HTGL and LPL can independently cause a redistribution of apo E from chylomicrons and VLDL to smaller lipoproteins. Only HTGL, however, may mobilize apo E from catabolic products of intermediate size, whereas LPL hydrolysis may be a necessary preliminary to transfer of the C apolipoproteins.
